Introduction
Forensic gait analysis is the use of gait and features of gait to assist in the process of identification, and it has now been presented in court for this purpose for 15 years [1] . Based on the experience of the authors and their colleagues, its use has increased during the last five years, with many police forces now considering forensic gait analysis as a forensic option, particularly with major crimes. Gait is the manner or style in which a locomotor activity, such as walking or running, is undertaken [2] . A person's gait is the result of a complex interaction of their anatomy, physiology, and in particular their neurology, pathology and injury, and represents a series of alterations, or compensations, to a basic pattern of movement necessitated by the individualities of the person. The resultant gait is then potentially further affected by additional intrinsic factors such as emotions and extrinsic factors such as footwear, terrain and the proximity of other individuals [3] [4] [5] [6] . While gait is widely considered to be unique, its uniqueness is at a level that requires accurate and precise measurement of both kinetic and kinematic factors [7] [8] [9] . Current forensic gait analysis practice usually relies on the identification of features of gait from closed circuit television (CCTV) footage. This footage is often of poor quality in terms of resolution, lighting and frame rate, and is therefore limited in terms of the information it can provide [10] . It is also a two dimensional record of a three dimensional activity and incapable of yielding kinetic data. As a result forensic gait analysis as currently practiced is not capable of identifying a person. The features of gait that can be identified are class level features, that is to say features that occur in a proportion of the population, and therefore demonstrate compatibility rather than uniqueness. A fundamental skill of a forensic gait analyst is therefore an understanding of the prevalence of the features of gait identified in the population. To date this judgment has been based on past experience gained from sources such as past casework, clinical practice, text books, and published case studies and research papers [11] [12] [13] . Information gained from clinical practice requires careful consideration and use. If the practitioner is a specialist in musculoskeletal conditions, it may be expected that the majority of patients that seek their services have a musculoskeletal disorder or injury. As a result the prevalence of some features of gait, based on such a sample of individuals, could be over-estimated. The data gained from these sources has in the past often been supplemented by unpublished ad-hoc surveys carried out by the forensic gait analyst. While such surveys can provide useful information they are particularly prone to skew in terms of demography caused by the location at which they occur. For example, if the data is collected at a location close to numerous healthcare facilities, it is possible that the individuals sampled will have a higher than usual prevalence of health related conditions. In addition to this, these ad hoc surveys are generally limited in size and scope, and although they provide some information regarding the prevalence of certain gait features, they are not able to represent the population in general. Clinical practice and ad-hoc surveys are a valuable source of knowledge regarding prevalence, but have to be used with caution, and should be supplemented wherever possible by reference to published texts and research papers. However, such texts and research papers can only provide an additional but limited source of information based on the specific purpose for which the publication was originally produced. This specific purpose, such as professional education, or a particular research question or subject group, may limit the transferability or currency of the information. The development of databases to hold information on forensic samples and observations has allowed a more robust interpretation of evidence and greater meaning of conclusions in court. Forensic databases have allowed numerical values to represent how common the feature of interest is in the environment and, for known provenance databases, to help identify a sample by providing a match between a suspect sample and a sample of known provenance. The production of these statistics, based on sound research and data collection, provides an objective interpretation of the evidence and enhances a forensic expert's opinion. Many forensic disciplines rely on the development of a database as the central point of reference for prevalence data and in view of the potential limitations of currently used sources of information relevant to forensic gait analysis, the development of a features of gait database is a fundamental step in the evolution of the discipline [14] . While the work described in this paper is a first step in this process, it should be noted that the database is still currently based on a subjective method, and further work needs to be undertaken before the database can legitimately be compared to those used by some other forensic disciplines.
The need for a features of gait database has been expressed by not only gait analysts but also other key individuals in the criminal justice system [15] . The need for underpinning data in order to reach sound conclusions for the court of law is particularly important when attempting to provide quantitative opinions utilising the Bayesian approach. The benefits of utilising the Bayesian approach in a range of forensic specialisms have been discussed extensively [16] [17] [18] [19] [20] . However, care must be taken when utilising this approach, to ensure transparency as to the origin and limitations of the data used. Failure to be transparent as to the data used to generate likelihood ratios led to conclusions based upon this approach being questioned in the Court of Appeal judgment in R v T [21] .
In order for databases to be fit for use in the calculation of likelihood ratios and the interpretation of evidence in court, there are some key features that should be considered. Databases should contain an adequate number of samples so as to represent the population as appropriately as possible, be up-to-date (particularly if the samples are not static in their nature, for example fibre collections, where trends can change dramatically) and demonstrate scope, whether that be geographically and/or in the number of characteristics being collected/ analysed.
To ensure that databases and reference collections are a suitable basis on which to make inferences and aid in the interpretation of evidence, the Forensic Science Regulator's (FSR) Codes of Practice and Conduct 2016 outlines the minimum requirements for reference collections and databases [22] . These minimum requirements include the minimum quality standards for sample documentation, data accuracy and data entry. This paper reports the initial development and population of a gait database for use in the forensic context and where possible, outlines how this database currently complies with the Forensic Science Regulator's Codes of Practice and Conduct 2016. The limitations of this database with its current content are discussed along with suggestions of how this database will be developed further.
Method

Database design
Prior to method design and data collection, ethical approval was obtained through the research ethics approval process of Staffordshire University. In order to identify which features of gait should be included in the database, a Delphi strategy was employed to reach a consensus amongst a group of four expert practitioners in this field. While this number is low for a Delphi study, the area of practice concerned is highly specialized, and the number of practitioners known to be practicing in the field at the time in the United Kingdom was small (six) [23] . The Delphi strategy was originally developed as an interactive method of forecasting using a panel of experts to answer questions or give judgements in a series of developmental rounds [24] . After each round the outcomes are summarized and used to inform subsequent rounds, the experts progressively modifying their feedback as they feel appropriate, until a consensus is reached [25, 26] . The four practitioners had considerable experience of forensic gait analysis, were all qualified at post graduate level, and trained in observational gait analysis. Each had a minimum of 20 years professional experience and 10 years involvement with forensic gait analysis. The participants were asked to list the features of gait they most commonly encountered and used during forensic gait analysis.
The outcomes of the first round of the exercise were summarized and reported back to the practitioners. The second round of the Delphi consolidated the findings and a consensus was reached. In the third round the practitioners were asked to review the list of features of gait identified in the context of the feasibility of observing and noting the features identified, in the time likely to be available during data collection, i.e. the time taken for a subject to walk towards, past and way from the observer. Consideration was given to a number of the available clinical observational gait analysis assessment tools [27] [28] [29] . It was concluded that the data collected using these tools was more detailed than it was feasible to collect in this instance, and relied on the ability to observe the subject for a protracted period of time. Consideration was also given to the likely validity of making the observations, particularly the accuracy with which estimations of magnitude could be made during data collection. It is important to note that the features of gait were therefore limited to those which could, with most certainty, be identified as being present or not present, with any estimations of magnitude being limited to ordinal categorical data, as shown on the data collection sheet. Demographic categories were modelled on a combination of the UK census categorisation, data from the Office for National Statistics [30] , the views of the practitioners as to what might be useful in the forensic gait analysis context, and the feasibility of identifying the variables in the short time available.
Minor revisions were made to the list of features agreed in round two, and a consensus was reached in round four of the Delphi. A data collection sheet was produced, designed to facilitate the easy and rapid recording of the observed features of gait in the shortest possible time. The terminology used on the data collection sheet was intentionally kept simple, with the minimum use of technical terminology to ensure an unambiguous understanding of exactly what had been observed and to facilitate the later inclusion of additional data collection observers.
A pilot study was then undertaken of 20 randomly selected participants whose gait was observed, and as a result of the findings, minor amendments made to the data collection sheet to improve its usability under data collection conditions. The project was subsequently presented at national and international conferences attended by forensic gait analysts and their opinions sought as to the appropriateness of the features of gait identified during the Delphi process. The results have substantiated the selection of features made by the original four analysts. Table 1 shows the data collection sheet and features of gait observed. A single observer was utilized for the data collection. The observer had more than 35 years of experience in observational gait analysis, and was actively involved in forensic gait analysis practice, with more than 50 full forensic gait analysis reports having been produced and independently verified. This same individual is also responsible for the management of the database and will be referred to as the database manager from this point onwards. Members of the public were observed in a discreet manner, in public locations such as shopping centres and thoroughfares, at seven geographical locations across the country (Glasgow, Manchester, Birmingham, East London, West London, Brighton, Hastings). These initial locations were selected in order to maximise the opportunity for the widest selection of the UK population to be included in the database. Data collection was achieved by the observer positioning themselves in a suitable unobtrusive location, with a clear line of sight in at least two opposing directions, and a steady stream of pedestrians. Pedestrians were selected randomly for inclusion. This was achieved by selecting the fifth pedestrian to enter the data collection area after the completion of the previous data collection. Pedestrians were not selected for inclusion if they were:
Data collection and storage
• carrying a bag or bags likely to affect gait • pushing a buggy or pushchair • holding the hand of another person • having their speed or direction of walking affected by an accompanying person • walking with the aid of a stick or frame Pedestrians were also not selected for inclusion, at the discretion of the observer, if they exhibited factors that were considered to be substantially altering their gait. Once selected for inclusion, observations were made working from the top of the data collection sheet progressively downwards. Observations were made as the subject walked towards, past and away from the observer. If a full set of data could not be collected from a subject, or the data collection sheet was not completed to the satisfaction of the observer, the data set was rejected. Approximately 7% of the attempted data sets were rejected due to being incomplete. In the majority of cases a minimum of 100 data sets were collected at each location, although fewer sets were collected opportunistically on some occasions.
Documentation of the database
As described in Section 20.19.4.5 in the Forensic Science Regulator's Code of Practice and Conduct [22] , the following information has been outlined for the features of gait database;
1. The purpose of the database, 2. Where the database is currently located, 3. The current scope and content of the database, 4. The origin of the data collected for the database, 5. Any known significant limitations or restrictions of the data, 6. The person responsible for the management of the database, 7. The authorisation and competence requirements of practitioners contributing to the database, 8. The arrangements and format for data collection and entry, 9. The arrangements and format for data storage, 10. The quality assurance requirements, including those for data integrity, transfer, inconsistency and error checking, 11. All relevant ethical requirements covering the data content, retention, accessibility or use.
Where the above information has not been provided previously in this paper, it has been included in the results and discussion sections below.
Results
To date, data collection has taken place at seven locations around the UK, yielding 1007 data sets, each containing 28 pieces of information about the subject.
Following each data collection session, the data was transferred onto a Microsoft Access database, using a custom designed data entry form with all options for each piece of data being provided by dropdown menus. This task was not undertaken by the observer, but by an honours graduate who had no role in the development of the database other than data entry and checking. During data entry the integrity of each data set was scrutinised and any data sets identified as having missing or ambiguous data were rejected. During this process approximately 3% of the data sets submitted for entry into the database were rejected. Once the data from that collection session had been entered it was checked for omissions, inconsistencies and data entry errors by the database manager. Table 2 shows the demographic content of the database to date, based on the estimations of demographic variables by the observer. The database is currently housed on a protected computer, with password protection, at the database manager's office address.
Discussion
The purpose of building this database is to collect and store prevalence data on a range of gait features in the general population in order to aid the interpretation of gait evidence in court and increase the objectivity of any conclusions drawn. The Microsoft Access database constructed provides an easily interrogatable source of information on the prevalence of the features of gait included. Each feature of gait can be interrogated using a dropdown menu of options that heads each of the variable columns. For example the dropdown menu that heads the data regarding the roll of the head and torso lists the options of 'select all', 'blanks', 'more to the left', 'none', 'both' and 'more to the right'. One or more of the options can be selected, resulting in only the subjects who exhibited the selected options then being shown. The 'blanks' option is included to allow screening of the data sets following data entry, and to ensure that all data sets are complete. Using this system, the data can be interrogated one feature of gait at a time, or by a combination of features, a particular strength of the database. One of the significant weaknesses of ad-hoc surveys that collect data on a single feature of gait, is their inability to be able to discriminate between dependent and independent features. Even if the data from a series of single feature ad-hoc surveys is drawn upon, the interaction of dependent variables cannot be accommodated in the conclusions drawn from the data due to the fact that different samples have been observed. As a result, dependent variables are counted as independent variables, increasing the apparent significance of the combination of features Table 2 Demographic content of the database to date, based on the estimations of demographic variables by the observer. seen. By using the sequential selection of the options from the dropdown menus for the features of gait observed from CCTV footage, the database accommodates the relationship between dependent variables. For example, utilising the current data held in the database, the prevalence of the right knee pointing inwards towards the midline of the body when flexed during the swing phase of gait is shown to be approximately 1 in 14 (71 in 1007), and that of the right foot pointing inwards when weight bearing during the stance phase of gait to be approximately 1 in 17 (60 in 1007). If these two pieces of information are treated as completely independent, the prevalence of the two occurring together would be approximately 1 in 238. However, the database shows the prevalence to be approximately 1 in 27 (37 in 1007), suggesting some level of dependency between the variables. The relationship between the occurrences of particular features of gait is an area that warrants further study, which will be enabled by the development of the database.
The database currently has a number of limitations. First and foremost, the database is predicated on subjective observations, made by one experienced observer. This method was selected in order to match as closely as possible the method currently used in forensic gait analysis, which is also based on subjective observations of features of gait. The use of a single observer for data collection ensured consistency in the data collection process, an important factor in this stage of the development of the database. However, the method used differs from that used in forensic gait analysis in that during forensic gait analysis, the footage can be played multiple times, providing a greater opportunity for the observation of features of gait than could be achieved using the real-time observation strategy adopted for data collection.
The robustness of a database is dependent upon the number of samples it contains, the ability of those samples to represent the population and the quality of the information that can be derived from the database [31] . While the current total of 1007 data sets represents the largest forensic gait analysis database known, it is a small sample, and the long term use as a resource will depend on its continued expansion. This expansion will ensure that data do not become out-ofdate and is proportionately representative of the various subsections of the UK population. Protocols must also be put in place as to the processes required to ensure the ongoing validity of the data and effectiveness of the database as outlined in the FSR's Codes section 20.19.4.5q [22] .
In terms of the demographic distribution of the data collected to date, in comparison with the data yielded by the 2011 UK census, the white and 'other' populations are underrepresented in the database, while the black and Asian populations are overrepresented. The database sample is currently small in terms of the UK population, and such discrepancies are therefore perhaps to be expected as the sample was selected randomly in each geographical location. With the exception of 'other' and the South, East and Southeast Asian population which are reversed, the ranking of the frequencies of each demographic group matches that of the 2011 census data. It is also recognised that the demographic data is based on judgements made by the observer, and is therefore prone to a degree of error, as would such judgements made during analysis from CCTV footage. The current discrepancies will be monitored as the database grows.
A further limitation of the database is the number and range of features of gait included. As has been described, the number of features which could be recorded using the selected method, was limited by the nature and time constraints of real-time observation and data recording. As a result the database will not yield information regarding all the features of gait likely to be used in forensic gait analysis. The database will provide information regarding some of the most commonly used features; the method offering an appropriate compromise between collecting data for a more extensive range of features and the inherent ethical issues of videoing subjects without consent.
Future development of the database
Data collection will continue, but is currently limited by the use of a single experienced observer, which helps to ensure consistency and validity of the data collected. The use of this observer is believed to represent the most robust method of data collection at this stage in the development of the database. Further data will of course be collected, with the intention being for a limited number of additional observers, who are also deemed experts in forensic gait analysis, with the same or equivalent qualifications as the current observer, to be trained to increase the speed at which the database expands. Although it is tempting to plan for large numbers of contributors, the total number of observers will be kept to a minimum to assure the validity of the data collected. Once suitable candidates have been recruited a training event will take place prior to the collection of any data and the use of a competency test for additional contributors will be considered.
The development of this database is predicated on the notion of improving the validity of conclusions reached by forensic gait analysis, and this goal can only be achieved if the database is widely used. To this end, the database will ultimately be made accessible to all practitioners, upon request, who have undertaken appropriate training in its use, but with restricted access to prevent unauthorised viewing and contribution. It is hoped that in due course the database will be a password protected online resource for registered users, held centrally, but accessible from any suitably equipped piece of equipment.
As the database expands, with the intention of adding additional contributors/users and for the data to be used in casework, there will be a need for the development of further protocols. To ensure compliance of the features of gait database with the FSR's Codes of Practice and Conduct, the following protocols will be developed so as to allow further data entry and use. Where possible, direct reference to the requirements as stated in the FSR's Codes have been provided in brackets: 
Conclusion
In order to develop further, forensic gait analysis requires a robust database of the prevalence of features of gait. This study has attempted for the first time, to generate a database holding useable data on features of gait observed in the population in order to improve the interpretations of gait evidence in court. This database has been designed in accordance with the Forensic Science Regulator's Codes of Practice and Conduct and will continue to comply with these codes as it develops. Although currently small in size, the database can still assist the gait analyst in providing a more objective and meaningful interpretation of gait evidence as long as the data is used cautiously and transparently.
